The effect of copper content on superelasticity characteristics in Ti-Ni and Ti-Ni-Cu alloy wires was investigated by performing isothermal cyclic tensile tests at a temperature of A f + 25 K. Specimens were Ti-50Ni, Ti-45Ni-5Cu, Ti-40Ni-10Cu and Ti-37Ni-13Cu(at%), annealed at 673 K for 3.6 ks after cold drawing with 30% reduction. The results show that the changes in residual strain, the critical stress for inducing martensite and the strain energy in all alloys are significant in early cycles, but become insignificant after 10 cycles. The degradation of residual strain and the strain energy during loading increases with decreasing copper content. However, changes in the critical stress for inducing martensite and the dissipated strain energy in Ti-Ni-Cu alloys are insensitive to copper content. Furthermore, in order to clarify the effect of copper content on the degradation of materials functions, the volume fraction of martensite subjected to slip deformation is evaluated by a two-phase model consisting of the parent phase and the martensitic phase connected in series. The volume fraction for a residual strain becomes larger as copper content increases, and it is directly related to the critical stress for inducing martensite and the dissipated strain energy with number of cycles. Based on these results it can be stated that the volume fraction of martensite subjected to slip deformation is a measure which represents the effects of cyclic deformation and copper content on the degradation of materials functions.
Introduction
Shape memory alloys are receiving attention in various fields such as engineering and medicine, and their applications are being studied and practically used. [1] [2] [3] Ti-Ni alloy is practically used because of its high performances of cyclic behavior and a corrosive resistance, and so on. The shape memory effect and superelasticity are often used under cyclic deformation. Therefore, the degradation of these functions and fatigue properties have been important concerns, and the degradation of functions with number of cycles has been investigated. [4] [5] [6] It has been reported that the superelasticity characteristics against cyclic deformation are stabilized by precipitation of Ti 3 Ni 4 formed by aging treatment in Ti-Ni alloys with nickel contents exceeding 50.5 at%. 7) Furthermore, the effect of aging treatment on fatigue properties has been investigated. 8) It is thought that improvement of these characteristics is to suppress slip during stress induced transformation.
On the other hand, it has been reported that Ti-Ni-Cu alloys in which Cu is substituted for Ni have been effective for improving the shape memory and superelasticity characteristics. [9] [10] [11] Copper addition reduces the transformation temperature hysteresis. It has been reported that the transformation hysteresis is 20-25 K in Ti-41.7Ni-8.5Cu(at%) alloy, while that of Ti-Ni alloy is about 60 K 12) and is very much reduced with increasing copper content. 11) Furthermore, variation of transformation temperatures with cyclic deformation in Ti-41.7Ni-8.5Cu(at%) alloy has been investigated. 13) It has been also reported that copper addition reduces the stress-hysteresis in the superelasticity in Ti-40Ni-10Cu(at%) alloy. 14 Under cyclic loading, the stress-strain response of a shape memory alloy changes with number of stress cycles until fatigue fracture occurs. Thermo-mechanical properties and fatigue properties in Ti-41.7Ni-8.5Cu and Ti-40Ni-10Cu(at%) alloys have been investigated. [15] [16] [17] [18] [19] However, there have been few works which investigate systematically the effect of copper content on cyclic deformation and fatigue properties. Therefore, it is practically important to clarify the effect of copper content on cyclic behavior and fatigue properties in Ti-Ni-Cu alloys.
The purpose of the present paper is to investigate the effect of cyclic deformation on the superelasticity characteristics of Ti-Ni-Cu alloy wires with several copper contents.
Experimental Procedure
Several Ti-Ni-Cu alloy ingots were made using a high frequency induction vacuum furnace. The alloys were different in Cu and Ni contents with a constant Ti(50 at%), i.e., the compositions of the alloys were Ti-50Ni, Ti-45Ni-5Cu, Ti-40Ni-10Cu and Ti-37Ni-13Cu(at%), respectively. The ingots were hot-forged and hot-extruded followed by cold drawing and intermediate annealing to make wires with a diameter of 1.0 mm. The wires were cold-drawn with the reduction of 30% (i.e., reduction rate in cross section) and were cut to 240 mm in length. The wire specimens were annealed at 673 K for 3.6 ks. Since the surface of specimens was covered with oxide scale produced in the working and heat treatment processes, the oxidized surface layer was removed by pickling and electropolishing except for both ends of specimen which were clamping sections. The phase transformation temperatures of specimens measured by DSC (differential scanning calorimetry) are listed in Table 1 . Cyclic tensile tests were carried out at several temperatures using silicon oil for heating. The testing temperatures were A f + 25 K for each specimen. The specimens were elongated up to a certain displacement where the stress induced martensitic transformation would finish. The maximum applied strains were 10.4% for Ti-50Ni, 9% for Ti-45Ni-5Cu, 7% for Ti-40Ni-10Cu and 6.2% for Ti-37Ni-13Cu, respectively. Figure 1 shows the schematic stress-strain curve representing the superelastic behavior for Nth cycle. In the figure, σ M denotes the critical stress for inducing martensite. ε max is the maximum applied strain and ε D is cyclic strain range in a cycle. ε p is cumulative residual strain and ∆ε p is residual strain during one cycle. The area U is the dissipated strain energy per unit volume during one cycle. E L is the elastic modulus during elastic deformation in the strain range below 0.4%.
The elastic modulus E M of martensitic phase was obtained by isothermal tensile tests at a temperature of 293 K. Figure 2 shows the stress-strain curves at the first cycle at a temperature of A f + 25 K for Ti-Ni and Ti-Ni-Cu alloys. It is observed from stress-strain curves of each alloy that the stress induced martensite transformation is finished. The transformation strain decreases with increasing copper content. Furthermore, the critical stress for inducing martensites shows the dependence on copper content. Copper addition also reduces the cyclic stress range which is defined as a difference in stress level between during loading and during unloading. Figure 3 shows the effect of copper content on elastic moduli in Ti-Ni and Ti-Ni-Cu alloys. The elastic modulus E A of the parent phase changes little with copper content. However, the elastic modulus E M of the martensitic phase shows the dependence on copper content. For the copper contents below 7.5 at%, the elastic modulus E M decreases with increasing copper content, but, above 7.5 at%Cu, E M increases with increasing copper content. This variation with copper content originates from the difference in the crystal structure of martensites of the alloys: i.e., a monoclinic lattice for the alloys of copper content below 7.5 at% and an orthorhombic lattice for those of above 7.5 at%. Figure 4 shows the effect of copper content on the critical stress for inducing martensite in Ti-Ni and Ti-Ni-Cu alloys at A f + 25 K. The variation of the critical stress with copper content also originates from the difference in the crystal structure of martensites. The critical stress varies with cop-per content and decreases significantly with increasing copper content in alloys of below 7.5 at%Cu. However, in alloys of above 7.5 at%Cu, the critical stress increases gradually with increasing copper content.
Results

Mechanical properties
Cyclic behavior
The cumulative residual strain ε p is plotted as a function of number of stress cycles in Fig. 5 . This figure also shows the effect of copper content on the cumulative residual strain ε p . The cumulative residual strain ε p increases rapidly up to about 10th cycle, while above which it increases gradually for various copper contents. The cumulative residual strain ε p decreases with increasing copper content and the effect of cyclic deformation on the cumulative residual strain ε p becomes smaller as copper content increases. It can be observed that copper addition is effective for decreasing residual strain, although the applied stress and strain are different according to copper content. Figure 6 shows the effect of cyclic deformation on the elas- tic modulus E L for various copper contents, where E L is normalized by the elastic modulus of parent phase at the first cycle, E A (refer to Fig. 3 ).
The elastic modulus E L shows an abrupt decrease up to 10th cycle and then gradually decreases, and it decreases with decreasing copper content. It is considered that the decrease in the elastic modulus during elastic deformation is caused by the increase in the residual martensites, which do not transform to parent phase after being unloaded. Figure 7 shows the effect of cyclic deformation on the critical stress for inducing martensite for various copper contents. The value is normalized by that of the first cycle and plotted as a function of number of cycles.
The critical stress in Ti-Ni alloy decreases considerably up to 10th cycle and reaches to 30% of initial value at 50th cycle. In alloys with copper contents from 5 to 13 at%, it also shows a large decrease up to 10th cycle. However, above 10 cycles, it shows a gradual decrease and more than 60% of its initial value remains at 50th cycle. The variation of the critical stress with number of cycles is insensitive to copper content. Figure 8 shows the effect of cyclic deformation on the strain energy in Ti-Ni and Ti-Ni-Cu alloys with various copper contents. U L and U U are the strain energies per unit volume which are defined, in Fig. 1 , as the area of a-b-c-g-a and the area of c-d-e-f-g-c, respectively. U (= U L −U U ) is the dissipated strain energy per unit volume during one cycle. The values are normalized by those of the first cycle and shown as a function of number of cycles.
The strain energy U L during loading in Ti-Ni and Ti-Ni-Cu alloys decreases largely with increasing number of cycles, as seen in Fig. 8(a) , and it decreases with a decrease in copper content. However, the strain energy U U during unloading shows a gradual decrease with increasing number of cycles, as seen in Fig. 8(b) . Furthermore, there are no significant differences in the values of U U between the alloys with various copper contents. Although the variation of U L with number of cycles is strongly influenced by copper content, the dissipated strain energy U shows the weak dependence on copper content, especially in Ti-Ni-Cu alloys, it is almost insensitive to copper content. 
Discussion
The residual strain is caused by slip deformation during cyclic deformation. Furthermore, the changes in the critical stress for inducing martensite and the dissipated strain energy with number of cycles are also caused by slip deformation. It is considered that slip deformation depends on the applied strain range and stress level. In this paper, the applied strain and stress are different depending on the copper content. Therefore, in this section, the discussion will focus on the influence of copper content on cyclic behavior. The effect of copper content on the changes in the critical stress for inducing martensite and the dissipated strain energy with number of cycles will be discussed in relation to the volume fraction of martensite subjected to slip deformation.
It has been reported that the critical stress for slip for the parent phase is several times larger than that of martensitic phase, and martensites subjected to slip deformation remain even after being heated up above A f after being unloaded. 6) Therefore, evaluation of the volume fraction of slip-deformed martensite is based on the following assumptions:
(1) slip deformation occurs in the martensitic phase but not in the parent phase,
(2) martensites subjected to slip deformation do not transform to parent phase even though they are heated up above A f after being unloaded,
(3) reverse transformation is completely finished at point f (see Fig. 1 ) during unloading, (4) a two-phase model consisting of the parent phase and the martensitic phase connected in series can be applied to evaluate the volume fraction of martensite.
In N th cycle, the elastic modulus E L during elastic deformation can be expressed by the following equation using the elastic modulus of parent phase E A and that of martensitic
where, ξ p is the volume fraction of slip-deformed martensite. From eq. (1), ξ p is given by the following equation. Figure 9 shows the effect of cyclic deformation on the volume fraction ξ p in Ti-Ni and Ti-Ni-Cu alloys with various copper contents. The variation of ξ p with number of cycles shows a large increase up to 10th cycle and then it gradually increases. The change of ξ p in Ti-Ni alloy is larger than those of Ti-Ni-Cu alloys. As seen in Fig. 2 , the applied stress in Ti-Ni alloy is larger than those of Ti-Ni-Cu alloys and the applied strain increases with decreasing copper content. Therefore, the difference in applied stress and strain during loading between Ti-Ni alloy and Ti-Ni-Cu alloys is considered to be one of causes for these changes.
In these experiments, the maximum applied strain ε max was kept constant for all the alloys. Therefore, the cyclic strain range ε D decreases with increasing number of cycles. Figure 10 shows the relationship between the volume fraction of martensite during one cycle ∆ξ p and the cyclic strain range ε D as a function of copper content. In early cycles, the volume 832 T. Sakuma, M. Hosogi, N. Okabe, U. Iwata and K. Okita fraction of martensite ∆ξ p generated during one cycle is large in every alloy. However, the volume fraction of martensite ∆ξ p in the alloys with copper content above 10 at% against the cyclic strain range ε D are larger than those of alloys below 5 at%Cu. Figure 11 shows the relationship between the volume fraction of martensite ξ p and the residual strain ε p as a function of copper content. The volume fraction of martensite ξ p increases with increasing the residual strain ε p , and it increases with increasing copper content. Thus it can be stated that although residual strain decreases with increasing copper content, as seen in Fig. 5 , the volume fraction of slip-deformed martensite increases with increasing copper content. Figure 12 shows the relationship between the critical stress for inducing martensite and the volume fraction of slipdeformed martensite. The value is normalized by that of the first cycle and shown as a function of copper content. The critical stress for inducing martensite shows the strong dependence on the volume fraction of slip-deformed martensite and decreases linearly with increasing the volume fraction of slipdeformed martensite. Thus the change in the critical stress for inducing martensite in alloys with various copper contents can be estimated by the volume fraction of slip-deformed martensite. Figure 13 shows the relationship between the dissipated strain energy and the difference between the volume fraction of martensite at N th cycle and that of the first cycle. The values are normalized by those of the first cycle and shown as a function of copper content. The result shows that the change in the dissipated strain energy with number of cycles has a mutual relation with the volume fraction of slip-deformed martensite. Thus the change in the dissipated strain energy in alloys with various copper contents can be also estimated by the volume fraction of slip-deformed martensite. Thus it may be concluded, for Ti-Ni-Cu alloys with any copper contents, that the volume fraction of slip-deformed martensite controls the degradation of materials functions such as residual strain, the critical stress for inducing martensite and the dissipated strain energy.
Conclusion
The effect of cyclic deformation on superelasticity characteristics in Ti-50Ni, Ti-45Ni-5Cu, Ti-40Ni-10Cu and Ti-37Ni-13Cu(at%), annealed at 673 K for 3.6 ks after cold drawing with 30% reduction, was investigated at several applied strains at a temperature of A f + 25 K. Furthermore, the effect of copper content on the degradation of materials functions was investigated in relation to the volume fraction of slip-deformed martensite.
The following conclusions were derived from the results and discussion:
(1) Although applied strain and stress are different depending on alloys, the changes in residual strain, the critical stress for inducing martensite and the strain energy in all the alloys are significant in early cycles, and become little after 10 cycles.
(2) The degradation of residual strain and the strain energy during loading increases with decreasing copper content.
(3) The changes in the critical stress for inducing martensite and the dissipated strain energy in Ti-Ni-Cu alloys are insensitive to copper content.
(4) The increase in the volume fraction of slip-deformed martensite for a residual strain becomes larger as copper content increases.
(5) For Ti-Ni-Cu alloys with any copper contents, the cyclic behavior (the changes in the critical stress for inducing martensite and the dissipated strain energy with number of cycles) is strongly influenced by the volume fraction of slipdeformed martensite. Thus it can be stated that the volume fraction of slip-deformed martensite is regarded as a measure which represents the effects of cyclic deformation and copper content on the degradation of materials functions.
